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THE  MAGNUS  FORCE  ON  A  FINNED  BOOT 

ABSOKACT 

The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly 
spinning  finned  projectile  is  analyzed.  Experiments  in  the  BRL  wind 
tunnels,  which  substantiate  the  analysis,  are  described  and  presented. 
It  is  seen  that  the  Magnus  forces  and  moments  eu’e  as  large  as  those 
existing  on  a  rapidly  spinning  nonflnned  projectile  where  these  forces 
are  known  to  have  an  infliaence  on  accuracy  and  stability. 
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TABLE  OF  SYMBOLS 
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TD 

•^o 

q 

Re 

T 

■'■o 

U 

a 

p 

n 

CD 

V 

Cf 


speed  of  sound 
model  diameter 

distance  from  center  of  rotation  (bcxiy  centerline) 

Mach  number  = 

a 

o  oa^x.LCbuxs.^11  j^j.'cooui.'c 

dynamic  nressure  =  i  oU^ 

”  -  ^  • 

Reynolds  number  =  -2^ 

f* 

stagnation  ten^jerature 

or* 

O  OwwuXwix  cb^x  vC^wV»a.wjr 

angle  of  attack  (positive  a  is  nose  up) 
test  section  air  density 
test  section  air  viscosity 

spin  rate  of  model  (plus  is  clockwise  looking  upstream) 

CDd 

W 

Magnus  force  coefficient  = - - - - -  (plus  is  to  left  looking 

A_ » ^2  2  /iv4  . \ 

^  pu  ^  upsuream; 

Magnus  moment  coefficient  - - ^ - r -  (plus  is  plus  force  ahead 

jss  \j\j  ^  ^  uj.  mument  cenx»er ; 

2  4  cU 

Magnus  force  center  of  pressure  location  from  base  In  calibers 


7 


Turns  nrn  Tr^TON 


In  mEuay  cases  of  finned  projectile  flights  it  has  become  necessary 
to  spin  the  projectile  during  flight  in  order  to  overcome  the  manu¬ 
facturing  asymmetries  of  the  body  and  fins.  Miis  tends  to  nvulify  the 
effect  of  fin  asymmetriesj  however,  the  spin  produces  a  Magnus  force 

which  may  have  a  significant  bearing  on  the  trajectory*  The  bare  body 

fl-Ql 

Magnus  force  has  been  explained  in  previoiis  reports;'  "  however,  the 
influence  of  spin  on  the  fins  is  a  phenomena  which  has  never  been 
studied.  As  will  be  seen  below,  the  Magnus  forc«  developed  on  rotating 
fins  is  due  to  an  entirely  different  mechanism  than  that  responsible 
for  the  Magnus  force  on  a  body. 

When  a  rectangiilar  flat  plate  is  rotated,  at  a  rate  a>,  about  a 
line  parallel  to  one  of  its  sides,  and  parallel  to  a  uniform  supersonic 
air  stream  U,  figure  1,  the  lift  coefficient  is  equel 


Bare  M  is  the  free  stream  Mach  number  aud  c*  is  the  angle  of  attach 


created  by  the  rotation  of  the  flat  plate.  The  angle  of  attack  varies 
uniformly  along  the  span  of  the  flat  plate  and  has  its  largest  value  at 
the  extreme  outboard  section.  It  can  be  determined  from 


When  there  is  a  series  of  flat  plates  aligned  as  the  fins  on  a 
projectile  the  lift  force  on  each  fin  contributes  toward  a  torque  about 
the  centerline  of  rotation  (the  body  axis)  which  tends  to  retard  the  - 
rotation*  'PVw*  lift  on  each  fin  is  perpendicular  to  the  fin  surface  and 
at  zero  angle  of  attack  the  lift  forces  on  opposite  fij 


another  leaving  only  the  torque.  When  the  projectile  is  at  other  then 
zero  Ancle  of  attack  the  body  interference  on  the  fins  is  such  that  the 
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Uft  force  on  the  leeward  fin  is*  reduced,  thereby  leaving  an  unbalanced 
force.  This  force  acts  perpendicular  to  the  angle  of  atteu^  plane  and 
from  figure  2  it  can  be  seen  that  this  force  acts  In  the  opposite  di¬ 
rection  to  t^  body  Hagnxis  force.  It  Is  therefore  possible,  depending 
on  the  body  and  fin  configuration  to  obtain  either  a  positive,  zero,  or 
negative  Magniis  force  on  the  projectile.  The  magnitude  of  the  Magn\is 
force  in  this  case  can  only  be  determined  by  finding  the  body  inter¬ 
ference  from  experiment. 


Even  thovigh  the  body  emd  fin  Magnus  forces  oppose  one  another, 

‘h'Kjgy  'mmS  SSmSS  of  pSTOSSUPOs  As  5L  4*.  «  nSDISSIl't- 

couple.  Independent  of  the  center  of  gravity.  Is  created  which  Is  equal 
to  the  lesser  of  the  two  forces  multiplied  by  the  distance  between  them, 
figure  2.  The  total  Magnus  moment  about  the  projectile  center  of 
gravity  will  be  the  svm  of  the  couple  plus  the  moment  due  to  the  un¬ 
balanced  Magnvis  force. 


Xu  order  to  verify  the  abcvc  Ideas  and  to  detsx  mine  the  body 
interference  a  fin  configuration,  figure  5,  has  been  tested  in  a 
supersonic  wind  tunnel.  The  configuration  Is  one  where  the  fin  span 


j[^g  'hQ^y  tna  jn-r*  diSJSS'tOr  s  AlSO^  tbS  fi.113  llSYS  Slid." 

plated,  for  other  Investigations^^^  show  this  Increases  the  fin 
effectiveness  In  longitudinal  stability.  Both  a  splhe  nose  and  a 
conical  nose  have  been  Included,  for  both  noses  are  used  on  mass 
produced  configurations  of  this  type.^^^  The  noses  produce  radi¬ 
cally  different  flows  to  their  rear  and  it  is  expected  that  the  fin 
Magnus  forces  will  In  turn  be  different.  The  tests  cover  the  Mach 
number  range  1.75  to  4.00,  for  this  is  the  normal  operating  range 
of  these  configurations. 

It  Is  also  interest!"®'  to  note  here  that  >^2eh  a  body  plus  canted 


fins  combination  Is  considered,  the  configuration  will  free  spin  at 
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sone  rate  co  where  the  res’oltant  rolling  moiaent  on  each  fin  is  zero. 
However,  due  to 


a  = 


TI 


the  lift  force  on  varioiis  fin  sections  is  not  everywhere  zero.  Nega¬ 
tive  forces  (a  force  tending  to  increase  spin)  will  exist  on  the 
inboard  wing  sections  and  positive  forces  will  exist  on  the  outboard 
wing  sections,  figure  4.  For  zero  rolling  moment  the  positive  and 
negative  moiasnts  must  be  eQual  such  that  ^rdL  =  0,  If  now  this 
configuration  is  placed  at  a  small  suigle  of  attack,  each  fin  as  it 
rotates  to  the  lee  side  of  the  body  will  lose  portions  of  its  Inboard 
lift  distribution,  thereby  providing  a  means  of  producing  a  positive 
Magnus  force.  As  the  angle  of  attack  is  increased  further,  the  lee 
fin  begins  to  lose  its  outboard  lift  distribution  so  that  the  Magnus 
force  would  then  decrease  toward  zero.  Through  this  mechanism  it  is 
possible  to  predict  a  nonlineeu’  Magnus  force  on  a  free  spinning 
finned  missile. 
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MODELS  AMD  INSTRUMENTATION 


The  models  have  heen  designed  along  the  same  lines  as  those  used 
In  references  1  and  2.  The  model  or  outside  surface  of  each  conflgu- 

Peiuxuii  xo  oiic  x'cvuxvxxi^  ^njx'uxuu  ux  cui  txxx'^uxx vcii  luuuox  WXXJ.UX1  xo  luxjum^yjL. 

on  the  outer  races  of  precision  ball  bearings.  The  Inner  races  of  the 
bearings  are  mo\inted  on  a  stationary  cylinder  which  In  turn  Is  mounted 


_ _ _ 

^11  UXHC  tX^OOX^CUU  ^XLVX  V4X  OXVC  X  VJ UX 


o  r9  /O 

I./0  I  OLIOC  yc.  ^X 


2  yawing  moments)  and  supporting  strut.  Spin  rate  Indication  Is 
obtained  from  an  electrlceJ.  signal  generated  In  a  stationary  coil  by 

«  ynz-ktH  nf.  Tnorm.i+  ( o Tlno^m^+^rt  •P^  \  Tnr»Ti»'.+.or^  Sn  +.Vw»  I3T^^  nn"!  ncT  rvri 

CA  T  XAA^  V  ^  w.fcw  y  «n».»  .*.*.»  w  i  n  » 

of  the  model. 

riV  *A  ^4  X  a  ^y-VK*  ^*\V^  4  VN  A  T  O  ^4  %%  A  ^ 

xww  euxx  uiL/ ovjx  o  xicm.  uvj  wc  uocu.  xwx  o^xixuxaj^  ujxc  nMvUiCxo  •  xxuc  xxxeu 

Is  vised  only  with  the  bare  body  configuration  and  Is  the  same  as  used 
in  references  1  and  2  except  smaller.  Its  smaller  size  was  necessi¬ 
tated  by  the  physical  space  inside  the  Esodel  and  also  by  the  choking 
of  the  exhaust  air  as  it  passed  through  the  small  exit  area  at  the 
ted-l  of  the  model.  This  choking  effect  forced  a  reduction  in  the 
nozzle  throat,  area  and  the  nozzle  supply  pressure,  thereby  reducing 
the  available  power.  Fortunately  it  is  necessary  to  spin  these  models 
only  to  5000  rpm  so  that  sufficient  power  is  still  available  for  the 
bare  body  model.  The  finned  models  require  more  power  than  is  avail- 

.-.VwT  «  rA  Xa  Xy-\  «-i  4aX  i*N-P  K4  «-rV»  C  C 1  o4  v*  >*or*+o/1  f^r»+T% 

CkUXJC  DV4  \j  \j\J  Cb  S'  V/X  AXX^^iX  w  V4X  w.'  w..  w 

the  model  fins.  The  air  Jet  is  directed  onto  the  fins  to  accelerate 
the  model  eind  then  retracted  to  a  downstream  position  so  that  no  ex¬ 
ternal  forces  from  the  nozzle  act  on  the  model  while  tha  balance  is 
read,  with  both  air  motors  data  can  be  obtained  only  during  the 
coasting  period. 

The  readout  equipment  for  the  strain  gage  signals  has  been 
revised,  from  that  used  to  obtain  the  body  data,  so  that  automatic 
flata  recordlntf  la  now  nosaible  on  all  four  channels.  The  snin  rate 
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signal  is  chemged  from  a  yarlsble  freqiiency  signal  to  a  D.C.  signal 
and  placed  on  the  abscissa  oi  xouf  x-y  plotters*  Eacb  of  tbe  strain 
gage  bridge  signals  in  turn  are  put  on  the  ordinate  axes  of  the  x-y 
plotters,  therein  giving  continuous  recordings  of  the  aerodynamic 
moments  during  the  coasting  period  of  the  model.  The  pitching  moment 
signals  are  fed  directly  to  plotters;  however,  the  yaw  signals  must 
be  filtered  in  order  to  eliminate  oscillatory  signals  induced  by 
tunnel  turb'ulence  and  model  oscillations.  The  balance  is  much  weaker 
in  the  yaw  direction  than  in  the  pitch  direction  emd  the  tunnel  turbu¬ 
lence  causes  some  oscillations  In  the  yaw  direction*  The  spike  nose 
configurations,  which  produce  an  aerodynamic  oscillation  of  their 
own,  excite  heJLance  oscillations  to  a  larger  degree  than  the  cone  nose 
configurations . 


In  reading  the  moment  data  from  the  x-y  plots  it  is  necessary 
to  .extrapolate  from  500  rpm  to  zero.  The  electronic  black  box  which 
converts  the  spin  signal  to  a  D.G.  signal  will  not  record  properly 
between  500  rpm  and  zero.  Also,  the  variation  of  fin  normal  force 


with  the  model  roll  makes  it  iinpossible  to  obtain  an  average 

moment  reading  at  zero  spin*  'T'he  data  between  4000  rpm  and  500  rpm 
are  linear  so  that  a  llne€u‘  extrapolation  to  zero  spin  is  reasonable. 


The  extrapolation  is  not  necessary  on  the  bare  body  configura¬ 
tions  for  there  is  no  variation  of  normal  force  with  roll  position. 
Even  though  the  spin  signal  still  does  not  record  properly  below 
500  rpm,  the  zero  spin  moment  is  accurate  euid  the  500  rpm  gap  can  be 
interpolate  d . 
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rmporn  ‘DDnrrpTMTD’P  Awn  ox'Qttt.tig 

X  X\V/WJaX/WU.tJLJ  AX«.C/  XULifc/WAJXk^ 


The  tests  on  these  models  have  been  run  in  the  BRL  Tunnel  No.  1, 


wxuu  a  xcw  uiicuA.  X  uiio  mcuic  xii  xuixxlo^  iiw« 


X 


the  same  Mach  number  range  and  csin  be  used.  eJ-ternatelyj  however. 

Tunnel  No.  1  is  usually  preferred,  for  the  flow  uniformity  is  slightly 


(13) 


Tlo+o  ijnT.A  o>i+o^  +•.>«»  onfrlo  n'P  o+.+.o^V  ■noncr^.  nf*  aS  o+ 


-O.  .  .  ,,  .  ,... 

X  incremenxs  using  a  nearly  consxanx  Keynoxas  numoer  conoixion. 


The  data  obtained  during  these  tests  agree  very  well  with  the 
ideas  expressed  in  the  introduction  (Pigs.  5^  6,  J,  and  8).  The 
Magnus  force  on  the  fins  acts  in  the  opposite  direction  from  that  on 
the  body,  and  with  the  fin  configuration  tested  the  fin  force  is  In 
general  larger  than  the  body  force.  The  mcment  couple  exists,  as  is 
evidenced  by  the  rearward  center  of  pressure  location.  The  couple, 
plus  the  moment  due  to  the  unbalanced  fin  force,  places  the  effective 

AAM+'di*  rv-P  -nT«AaaiiY*A  nr»  +tx  a^TnaT^ol  /^o1  *f  "KckViH  nH  Vtoao  r\‘P  . 

From  these  data  we  find  that  the  Magnus  moments  on  slowly  spinning 
finned  configurations  are  as  large  as  those  existing  on  rapidly 
spinning  bodies  of  revolution. 


The  original  plan  in  conducting  the  wind  tunnel  experiments  was 
to  test  several  configurations  so  that  possible  ways  and  means  of 

V£U.'jrJ.ii^  uxic  no^iub  xvjxvjc  vjvjixxu.  o^uvxxou.*  a^^wovox^  v/uc  v/covo 

the  first  two  configurations  (the  spike  nose  and  the  cone  nose)  show 
that  even  thoiigh  the  data  are  siifflciently  accurate  to  prove  our 
oi*iginsl  l.dj0&s^  ‘tlisy  s^rs  no't  sufficisn'fcly  scc'ui'S't'C  "bo  siiov  vsi'iB'tions 
due  to  Reynolds  number,  Mach  number,  and  configuration  differences. 
Estimates  of  the  data  accuracy  have  been  made  by  comparing  data  at 
positive  and  negative  angles  of  attack.  The  data  should  be  symmetric 

M  Vi  rw  M  VS  <>vn  A  <s  4  vs  4/-vvs  +Vs^  /4o4-r»  o  Vs/^v.roi 

CkU««;UU  4jCX  CkU^-l-C  wx  XXV4WCV^X  J  V..  V  JU  V/i-X  V4X  \AOVCX  W>XX\yffO 

differences  of  the  order  of  25^. 
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The  reason  for  the  inaccviracles  is  the  inahility  to  obtain  the 
desired  sensitivity  in  the  yawing  moment  gages.  The  gage  sections 
mus'o  be  desi^ied  to  withstsind  the  normaX  force  stresses  as  weXl  as 


the  Magnus  force  stresses,  and  since  the  Magnus  force  is  less  than 
of  the  normal  force,  the  normal  force  controls  the  gage  section 
dimensions  and  hence  the  sensitivity.  Also,  the  gage  section  di¬ 
mensions  determine  the  natural  frequency  of  the  strain  beam  and  model 
and  it  is  necessary  to  keep  the  frequencies  sxifficiently  high  to  pre¬ 
vent  resonance  with  the  tunnel  turbulence  frequencies.  With  the 
present  system,  enough  of  the  turbulence  enters  the  balance  yaw 
signals  to  reqtiire  electronic  filters  before  recording  the  signals 
on  the  x-y  plotters. 


Another  so\jrce  of  inaccviracy  is  the  location  of  the  two  yawing 
moment  gages.  These  are  located  inside  the  model  (2.75  4.25  cal 

forward  of  the  base)  close  to  the  body  el-one  Magnus  force  center  of 
pressure.  However,  the  finned  body  Magnus  center  of  pressure  is 
located  in  general,  behind  the  model  base,  thereby  reducing  the 
accuracy  of  the  data  reduction.  This  is  being  corrected  by  locating 
a  third  yawing  moment  gage  downstream  of  the  fins.  The  sensitivity 
of  the  yaw  signal  is  also  to  be  increased  by  using  semi-conductor 
gages  rather  than  the  wire  gages.  Temperature  drifts,  which  are  a 
disadvantage  of  the  semi-conductor  gages,  may  not  be  bothersome  for 
only  relative  readings  taken  a  few  minutes  apart  are  required.  If 
the  semi-conductor  gages  are  satisfactory  the  program  will  be  continued 
using  the  new  gages. 
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CONCLUSIONS 


Analysis  of  the  flow  over  a  slowly  spinning  finned  projectile 
"h-pi  fortli  tflyp  following  Tssul'tst 

1.  The  wake  created  by  the  body  of  a  spinning  flnned-body 

r*r^n*P^  ^3^lT»fa+.^  nn  ^  +.V»  1  ^  *P+.  rkT\  +.>M:k  +  'P^r>c 

In  such  a  manner  that  a  side  force  res\ilts. 


cr^l^a+^  /^r»  r»Vk  ^  i 

«— *^**»»  ^1 


In  free  spin  Is  opposite  In  direction  to  the  body  Magnus  force  so 
that  the  resulting  side  force  can  be  In  either  direction  or  zero. 


3.  The  side  force  on  the  fins  of  a  configuration  which  Is  In 
free  spin  will  be  In  the  same  direction  as  the  body  Magnus  force  at 
low  angles  of  attack.  At  higher  angles  of  attack  the  Magnus  force 
will  decrease  toward  zero. 


4.  Kie  body  Magnus  force  and  the  fin  side  force  usually  do 
not  have  the  same  centers  of  pressure.  Therefore  a  nwment  exists, 
which  is  Independent  of  the  center  of  gravity,  and  is  equal  to  the 
lesser  of  the  two  forces  multiplied  by  the  distance  between  them. 
This  moment,  plus  the  moment  due  to  the  unbalanced  force,  can  move 
the  center  of  pressure  outside  of  the  projectile  length. 

R  •Pr>*r»r*<ac  ariH  Tnn7Tion+.c  r\T\  a  alnvlv  n’nl  ncr 

^9  AAIIW  fcj  A  A  V/A  V.'Vi' •«'  w »-»  WAA  t-r  — 

projectile  can  be  as  large  as  those  existing  on  a  rapidly  spinning 
nonflnned  projectile. 


ANProS  S.  PLATOU 
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T!ae  effect  of  spin  on  the  aerodiynamlc  foices  geiaeratec[  on  a  slowly  spinning 
finned  projectile  Is  analyzed.  Ibcperlments  in  the  ERL  wlncl  tunnels,  which 
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nonflnned  projectile  where  these  forces  are  known  to  havE*  an  Influcmce  on 
accuracy  and  stability. 
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The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
finned  projectile  Is  analyzed.  Experiments  In  the  BRL  wind  tunnels,  which 
substantiate  the  analysis,  are  described  and  presented.  It  Is  seen  that  the 
Magnus  forces  and  moments  are  as  large  as  those  existing  on  a  rapidly  spinning 
nonflnned  projectile  irtiere  these  forces  are  known  to  have  an  Influence  on 
accuracy  and  stability. 


The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
finned  projectile  Is  analyzed.  Experiments  In  the  BRL  wind  tunnels,  which 
substantiate  the  analysis,  are  described  and  presented.  It  Is  seen  that  the 
Magnus  forces  and  moments  are  as  large  as  those  existing  on  a  rapidly  spinning 
nonflnned  projectile  where  these  forces  are  known  to  hawe  an  Influence  on 
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The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
finned  projectile  Is  analyzed.  Experiments  In  the  BRL  wind  tunnels,  which 
substantiate  the  analysis,  are  described  and  presented.  It  Is  seen  that  the 
Magnus  forces  and  moments  are  as  large  as  those  existing  on  a  rapidly  spinning 
nonflnned  projectile  where  these  forces  are  known  to  have  an  Influence  on 
accuracy  and  stability. 


The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
! finned  projectile  Is  analyzed.  Experiments  In  the  BRL  wind  tunnels,  which 
substantiate  the  analysis,  are  described  and  presented.  It  Is  seen  that  the 
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The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
finned  projectile  is  analyzed.  Experiments  in  the  BRL  wind  tunnels,  which 
substantiate  the  analysts,  are  described  and  presented.  It  is  seen  that  the 
Magnus  forces  and  moments  are  as  large  as  those  existing  on  a  rapidly  spinning 
nonfinned  projectile  where  theae  forces  are  known  to  have  an  influence  on 
accuracy  and  stability. 
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The  effect  of  spin  on  the  aerodynamic  forces  generated  on  a  slowly  spinning 
I  finned  projectile  is  analyzed.  Eixperlments  in  the  BRL  wind  tunnels,  which 
; substantiate  the  analysis,  are  described  and  presented.  It  is  seen  that  the 
I  Magnus  forces  and  moments  are  as  large  as  those  existing  on  a  rapidly  spinning 
I nonfinned  projectile  where  these  forces  sxs  known  to  have  an  influence  on 
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